Abstract-This paper develops the program MCHII, numerically simulating the physical process of Compton electron currents scattered by the interaction of γ rays with ambient air molecules radiating the early time electromagnetic pulse (E1) during the high altitude nuclear explosion. The paper discusses the waveform characteristics of the electromagnetic pulse E1 as it propagates toward the ground from beneath the explosion point during the high altitude nuclear explosion, and provides a detailed study with regard to the influence of explosion height, energy, and γ spectrum. Numerical simulations are used to present the waveform characteristics of the electromagnetic pulse after going through the ionized layer above the explosion point after the high altitude nuclear explosion, and the paper presents the distribution of high altitude electromagnetic pulse waveform amplitudes at satellite orbits.
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I. INTRODUCTION

I
N publications of IEC SC 77C standards, high-power EM includes the high altitude electromagnetic pulse (HEMP), high-power microwaves, and lightning EMP, etc. [1] . Of these environments, HEMP covers all areas within the visual field of the explosion point and affects the widest scope. With high field intensity and abundant frequency spectra, HEMP couples to electronic systems from front-door and back-door, leading to failure and breakdown of electronic equipment, communication interrupt, and dysfunction of command. It constitutes the difficult and key points in electromagnetic protection and reinforcement. Therefore, it is important to understand the physical properties of the HEMP and to provide standard waveforms of the HEMP environment.
The physical processes involved in a nuclear explosion include nuclear radiation and may also incite strong EMP signals. Such a physical mechanism had been predicted by the physicist Fermi prior to the first nuclear test in U.S. In subsequent highaltitude nuclear explosion tests, HEMP signals were observed. In addition several publications of the past have indicated that it is possible to calculate HEMP at the earth's surface using computer modeling [15] , [16] . Consequently, HEMP signals are likely to play an important role of positioning, timing, and compliance identification for nuclear radiation monitoring [2] . When the explosion center is in or below the ionosphere, the lower frequency components of the HEMP signals are obstructed due to the existence of an ionized layer in the air over the earth; the high-frequency portion is chromatically dispersed in the ionized layer. It is therefore necessary to study the feasibility of HEMP monitoring at satellite orbits [3] , [4] .
II. PHYSICAL MECHANISM OF HEMP GENERATION
In the IEC 61000-2-9 standard [14] , HEMP falls into three types, i.e., early-time, mid-time, and late-time HEMPs, or E1, E2, and E3, respectively. When a nuclear device explodes, the instantaneously emitted γ rays and X rays crash into the ambient gas atoms, knocking out the electrons in the atoms, which fly outward in the radial direction to give rise to "Compton currents." Influenced by atmosphere density, the weapon system, geomagnetism, and the water vapor in the air, the nuclear explosion is not spherically symmetric. Therefore, "Compton currents" will oscillate and radiate a high power electromagnetic pulse, which is called E1. HEMP incited by the interaction of γ rays generated by neutrons in the device radiation with the air is called E2. In addition, the "fireball" generated from the nuclear explosion is a high temperature, high-pressure plasma. The "fireball" excludes the magnetic lines of force of the earth. When the "fireball" expands at a high speed, the magnetic lines of force are compressed; when the "fireball" disappears, the magnetic lines of force return to normal. Such compression and restoration of the magnetic lines of force will arouse electromagnetic radiation inside the earth, which is called E3.
When the point of a nuclear explosion is at high altitude, the instantaneously radiated X rays, γ rays, and neutrons propagate energy under the explosion point. In this area, γ rays act with air molecules to incite Compton electrons. These electrons deflect with the action of geomagnetic field, and the resultant transverse currents draw out transverse electric field when they are transmitted to the Earth's surface. This is the generation mechanism of early-time HEMP known as E1 (see Fig. 1 ).
III. PHYSICAL MODEL OF CALCULATION
A. Selection of Coordinates
This calculation only included the process of the interaction of Compton electrons incited by γ rays with the geomagnetic field to create the electromagnetic radiation E1. The early-time HEMP incited in this process has the strongest amplitude and abundant frequency spectra. Fig. 2 shows the geographic structure during the nuclear explosion. In the high altitude nuclear explosion, the γ pulse released from nuclear devices will interact with ambient thin air when it radiates outward, and will scatter Compton-electron currents. Thanks to their huge energy, Compton electrons move forward at a speed close to c, the velocity of light. Due to the very thin air at high altitude, these electrons have a long range. Their movement trail will be violently deflected by the geomagnetic 0018-9375/$31.00 © 2013 IEEE field. Thus, Compton currents will have both a radial component J r and transverse components J θ and J ψ in the direction of θ and ψ. If the explosion is axisymmetric to its environment, the radial component J r and the component J θ in the direction of θ will incite transverse magnetic waves; the current J ψ in the direction of ψ will incite transverse electric waves.
The coordinates r, θ, ϕ are used, with the origin located at the explosion center, and the direction of the polar axis (i.e., axis z for θ = 0
• ) coinciding with that of geomagnetic field B 0 , i.e., pointing down to the ground (in the Northern Hemisphere). The inclined angle between the geomagnetic field and the vertical axis of ground is supposed to be θ 0 . In other words, the magnetic inclination is π/2-θ 0 . In this paper, values θ 0 = 30
• and ϕ 0 = 0
• are used in the numerical calculation.
B. Mathematic Equation
The measurement unit of Gauss, cm, g, s, i.e., the static unit for electric charge and electric field was used. The electromagnetic unit was used for electric current and magnetic flux density. Now, the electromagnetic field at any point in the space shall satisfy the Maxwell simultaneous differential equations
Considering the electric current J and the secondary electron n sec after the counteraction of the geomagnetic field, the expression is as follows [5] :
where
,
λ 0 is the γ mean free path at the explosion center (cm); ρ 0 is the air density at the center of explosion (mg/cm 3 ); ρ(r, θ, ϕ) is the air density of a source point with coordinates (r, θ, ϕ) (mg/cm The motion equation of secondary electrons in the electric field is taken into account to find out the expression of conductivity as follows, where v c represents the collision frequency [6] :
As the range of a γ ray is close to zero at 20 km above the ground, no new electric field will be generated any longer. The outer boundary for the calculation is selected at 20 km above the ground. Then the electric field reaches the ground in the form of plane wave. The electric field near the ground is calculated with the following formula:
where r max means the distance of explosion point to the location of 20 km above the ground and r grd means the distance from the explosion point to the ground.
IV. RESULTS OF CALCULATIONS
A. Waveform Characteristics and Amplitude Distribution Laws of HEMP on the Ground
Through calculations we found that, early-time HEMP has the property of a steep rise time and a slightly slower trailing time; the maximum electric field on ground is located in the area of 1-2 explosion heights to the south of the burst point on the ground; the area of minimum electric field is located at 50 km to the north of the burst point on the ground, about one magnitude smaller than the maximum value, as shown in Table  I . This depends upon the inclined angle between the motion trail of the Compton electrons in the transmission direction and the geomagnetic field. If the inclined angle is smaller, the incited Compton currents will be smaller, and the field intensity will be smaller; if the inclined angle is bigger, the field intensity will be bigger. For a high altitude explosion at 100 km, the location of 50 km to the north of the projection point of explosion center on the ground is precisely the point of intersection of the geomagnetic line at the explosion center with the ground. The area of 1-2 explosion heights to the south is just the area with an inclined angle of 90
• with the geomagnetic line at the explosion center.
Peak electric fields in the west-east directions from the explosion center are symmetrically distributed, with identical waveforms in all fields. This can be explained with a mathematic model. In the west-east direction, ϕ values are different at symmetrical points, but θ values are identical. In the calculation, ϕ only appears in the calculation of height. Heights at symmetrical points are identical. Consequently, the results of calculation should be identical. Fields in the direction of E r cannot radiate outward, so they have a value of zero.
The half width of the time waveform is related to the distance from such point to the projection point of the explosion center on the ground. The smaller this distance (the smaller θ), the narrower the half width of the waveform; HEMP has high electric field amplitudes both in the deposition region and on the ground, ranging from 1 to 100 kV/m (see Table I ). This is consistent with IEC Standard 61000-2-9 published in 1996 [14] , as shown in Fig. 3 .
On the transmission path from the burst point to the ground, the closer it is to the ground, the narrower the half width of the time waveform. See Fig. 4 . The pulsewidth decreases from hundreds of nanoseconds to dozens of nanoseconds. The half width of waveform is generally 20-30 ns near the ground. This is because the closer it comes to the earth's surface, the greater the air density, the greater the value of air conductivity, the faster the low-frequency components at the tail of the waveform decay, and the half width therefore gets smaller.
B. Influence of the Height of Explosion
This paper includes the calculation of explosion heights from 100 to 500 km. The field intensity declines slightly as the explosion height rises as shown in Fig. 5 . This is consistent with the calculation result in the literature [9] . The energy of γ rays from the explosion decays along the radial direction at the rate of 1/4πr
2 . The greater the height of explosion, the greater the distance to the energy deposition area, the greater the attenuation, and the lower the energy of γ rays deposited, thus the weaker the induced EMP.
C. Influence of the Explosion Energy
The electric field peak rises as the explosion energy increases. But their relationship is nonlinear as shown in Fig. 6 . The peak field intensity of a 2 MT TNT yield is 59 772 V/m and that of a 3 MT TNT equivalent energy is 76 171 V/m.
The figure shows that the slope of the curve decreases as the energy increases; the slope of curve when the energy is small is greater than that when the energy is great.
D. Influence of Rising Time of the γ Rays
In the foregoing calculations, every rising leading edge of γ ray is 7 ns, and the half width of the γ ray waveform is about 200 ns. But the calculations in the IEC standard (see Fig. 8 ) were conducted when the leading edge of γ ray is 2 ns, and the half width is about 15 ns. It is also noted that the total gamma ray yields for all calculations shown in this paper assume that each gamma ray yield is 0.1% of the total explosion yield. We selected the 2 ns leading edge γ time spectrum for another calculation and found that the rise time of HEMP is closely correlated to the rise time of γ rays, as shown in Fig. 9 . The rise time of HEMP will not be faster than that of γ rays, but they are similar. The rise time presented in Fig. 7 is approximately 2.5 ns, with a half width of 10 ns.
E. Transmission Laws of HEMP Above the Explosion Center
To obtain HEMP parameters on satellite orbit, it is necessary to study the generation laws of HEMP in the upward transmission direction from the burst point. The calculation process was a bit different from that of downward transmission. It is necessary to introduce an earth-fixed coordinate system as opposed to the foregoing spherical coordinates. As the polar axis of spherical coordinates goes along the direction B 0 , and does not coincide with the vertical line of earth surface, there is no simple corresponding relation between the height (h) from the point of origin (r, θ, ψ) to the ground and the value of r. When waves are transmitted to the satellite orbit and when the satellite height is comparable to the earth's radius, the earth surface will not look like a flat surface. Then the position of any point on the satellite orbit in the spherical coordinate system cannot be expressed with a simple formula. The earth-fixed coordinate system is introduced (see Fig. 9 ) with its origin O at the earth's center, the flat surface XOY coinciding with the earth orbit surface. Axis OX coincides with the Greenwich meridian line. Axis OZ coincides with the polar axis of the earth. Thus, it will not be hard to find the position of points from the explosion center to a synchronous satellite orbit in the spherical coordinate system [13] .
The calculation process was adjusted to provide the following result. Fig. 10 presents the curve of relation between the peak value of electric field and the height of explosion.
In addition, the calculation found that the electric field peak rises as the power increases. But their relationship is nonlinear too. Figs. 11 and 12 show the calculation results with different energies at explosion heights of 100 and 60 km. The power of the 100 kT explosion is 10 times less than that of the 1 MT nuclear explosion, with the electric field intensity peak down by 2.5 times; the power of 500 kT explosion is two times less than that of the 1 MT nuclear explosion, with the field intensity peak down by 15% only. As the power increases, the Comptonelectron currents incited by the interaction of γ ray and air molecules grow, and the air conductivity increases too. Air conductivity is the damping term for electric field. They restrict each other to bring the electric field into the saturation area. Thus, the electric field intensity and energy will not change in a linear way.
Through calculations and analysis of the frequency range, with the effect of chromatic dispersion of the ionosphere considered, the low-frequency portion of source signals is reflected, and the high-frequency portion suffers chromatic dispersion by the ionosphere. Phases with high frequency have fast speed, those with low frequency have slow speed. The chromatically dispersed electric field becomes a damped oscillation waveform. In terms of the attenuation of amplitude, there is no change in the magnitude of peak values as compared with the former ones. The calculation resulted in the EMP field intensity at different explosion heights on the geosynchronous orbit when the total explosion energy is 1 MT (see Table II ). The numerical result is that after the 20-100 km nuclear explosion EMP is transmitted upward to the satellite orbit at 36 000 km, the field intensity peak of 1 MT TNT yield ranges from 10 to 100 mV/m; the field intensity peak of 1 kT yield ranges from 0.1 to 4 mV/m, and the background noise at this altitude is only 10 μV/m; therefore, HEMP signals could be detected. Thus, nuclear explosions above 1 kT can be detected theoretically. The effect of yield on EMP peak values is less severe than that for explosion height variations. Also the relationship between the field intensity with the yield and HOB is nonlinear.
V. CONCLUSION
Through calculations, it is easy to find that the time waveform of HEMP looks like a double exponential waveform. The rise time is closely correlated to the rise time of γ rays. The HEMP is fast when the γ ray output is fast; on the path of downward transmission of the HEMP from the burst point, the lower it goes, the narrower the half width of the waveform; at a point on the ground closer to the explosion center, the narrower the half width of the time waveform. The half width in the deposition region is ∼100 ns, while on the ground it is between 10 and 30 ns. Both in the deposition region and on the ground, the HEMP varies from 1000 to 80 000 V/m. With a fast rise time and a slow declining time, a HEMP waveform has abundant frequency spectra.
The numerical calculation result is that, after bursts between 20 and 100 km HOB, HEMP is transmitted upward to a satellite orbit at 36 000 km, and the peak value of electric field of 1 MT TNT yield ranges from 10 to 100 mV/m; the peak value of the electric field for a 1 kT TNT yield ranges from 0.1 to 4 mV/m, and the background noise there is only 10 μV/m; therefore, HEMP signals could be detected. Thus, a nuclear explosion above the magnitude of 1 kT can be detected theoretically. The effect of explosion yield on peak value is less severe than that of the explosion height. Also the relationship between the peak value of electric field with the power and explosion height are nonlinear.
